The behavioral state of an animal can dynamically modulate visual processing. In flies, the behavioral state is known to alter the temporal tuning of neurons that carry visual motion information into the central brain. However, where this modulation occurs and how it tunes the properties of this neural circuit are not well understood. Here, we show that the behavioral state alters the baseline activity levels and the temporal tuning of the first directionally selective neuron in the ON motion pathway (T4) as well as its primary input neurons (Mi1, Tm3, Mi4, Mi9). These effects are especially prominent in the inhibitory neuron Mi4, and we show that central octopaminergic neurons provide input to Mi4 and increase its excitability. We further show that octopamine neurons are required for sustained behavioral responses to fastmoving, but not slow-moving, visual stimuli in walking flies. These results indicate that behavioral-state modulation acts directly on the inputs to the directionally selective neurons and supports efficient neural coding of motion stimuli.
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motion vision | behavioral-state modulation | Drosophila T he neuronal processing in visual systems has traditionally been understood using static feedforward models, but recent work has shown that in many animals these neural circuits are not stationary but are instead substantially altered by the animal's behavioral state (1) (2) (3) (4) . Flies have long been used to study visually guided behaviors and the neuronal circuits implementing visual processing, and flies have also recently emerged as a model system for understanding how the behavioral state of an animal might affect these circuits. Much of this research has focused on the neural circuits that provide visual estimates of motion, which flieslike many animals-rely on to navigate through their environment. The strongest evidence for behavioral-state modulation of motion detection comes from recordings of lobula plate tangential cells (LPTCs), a family of giant neurons that project from the optic lobe to the central brain. Many LPTCs encode patterns of visual motion that correspond to canonical modes of rotational self-movement (e.g., roll, pitch, yaw), by integrating locally oriented, directionally selective inputs over a large receptive field (5) . Several LPTC types show enhanced responses to motion in the preferred direction when the animal is in flight compared with when it is not flying [VS cells (3, 6) ; H1 cells (7)]. Such findings have also been applied to explain the significant differences between behavioral assays and physiological measurements from quiescent animals in the temporal tuning of responses to visual motion (1, 7) .
The effects of behavioral state appear to be principally the result of neuromodulation mediated by octopamine, an invertebrate transmitter that is closely related to norepinephrine (8) . In crickets, octopamine levels in the hemolymph are elevated following periods of increased behavioral activity, including aggressive interactions, courtship, and flight (9) . In flies, octopamine neurons increase activity during transitions from quiescence to an active behavioral state (6) . Furthermore, bath application of octopamine or chlordimeform (CDM), an octopamine agonist, produces many of the same changes in neuronal responses that are observed during periods of increased behavioral activity (2, 6, 7, (10) (11) (12) . In addition, silencing of octopamine neurons removes many of the effects of behavioral state on LPTC responses (6) and reduces the behavioral responses of flying flies to fast, but not slow, visual stimuli (13) . Nonetheless, the precise mechanism by which the behavioral state of the animal and octopamine neuromodulation alter the dynamics of the insect visual system remains unclear, and so this study is focused on addressing this gap. Although several studies have examined the LPTCs at the output of the visual system, octopamine neurons project broadly throughout the optic lobes (14) , and it is likely that neurons well upstream of the LPTCs are modulated by behavioral state. Indeed, similar behavioral and octopamine modulation of response amplitude and temporal tuning has been observed in the Lawf2 neurons of the medulla, which are wide-field neurons that encode luminance but not motion changes (12) . However, outside of the LPTCs and Lawf2 neurons, the scope of octopaminergic modulation in the visual system is unknown.
Examinations of behavioral-state modulation are aided by recent studies that have provided a basic outline of the neural circuits that detect visual motion. As currently understood, the core of the motion pathway is a primarily feedforward circuit composed of neurons from the retina, lamina, medulla, lobula, and lobula plate. Photoreceptors of the retina synapse onto the columnar Significance Animal visual systems are typically thought of by analogy to cameras-sensory systems providing continuous information streams that are processed through fixed algorithms. However, studies in flies and mice have shown that visual neurons are dynamically and adaptively retuned by the behavioral state of the animal. In Drosophila, prominent higher-order neurons in the visual system respond more strongly to fast-moving stimuli once the animal starts walking or flying. In this study, we systematically investigated the neurobiological mechanism governing the behavioral-state modulation of directionally selective neurons in Drosophila. We show that behavioral activity modifies the physiological properties of critical neurons in this visual motion circuit and that neuromodulation by central feedback neurons recapitulates these effects.
lamina neurons (second-order interneurons), which synapse principally onto columnar medulla neurons (third order), which synapse onto columnar neurons with dendrites in the medulla (T4) and the lobula (T5); these fourth-order cells then synapse onto the LPTCs of the lobula plate (fifth order), which project into the central brain (15) (16) (17) . Although the inputs (the photoreceptors and lamina neurons) and the outputs to this circuit encode both ON (luminance increases) and OFF (luminance decreases) signals, the intermediate computations are performed by functionally independent pathways that are selective for either ON or OFF stimuli (18) (19) (20) (21) (22) . In each of these pathways, the columnar medulla neurons encode nondirectionally selective luminance information that is integrated by T4 or T5 cells (ON and OFF, respectively) to produce a directionally selective signal (each cell type has four subtypes selective for each cardinal direction) (18, (23) (24) (25) . Consequently, the outputs of T4 and T5 appear to represent the outputs of elementary motion detectors (EMDs) that compute a local motion signal for each ommatidium of the eye, consistent with previous behavioral studies (26) .
In this study, we have focused on the neurons of the ON motion pathway. We examined the directionally selective T4 cells, and each of their primary inputs, the columnar neurons Mi1, Tm3, Mi4, and Mi9 (17, 23, 27) (Fig. 1A) . In previous work, we used two-photon imaging to characterize the responses of Mi1, Tm3, Mi4, and Mi9 to visual stimuli. We showed that these neurons are not directionally selective, while the dendrites of T4 neurons are directionally selective (23) , indicating that this selectivity emerges in the dendrites of T4 cells [mirroring recent results in the OFF pathway (24, 25) ]. Furthermore, silencing experiments suggest that Mi1 and Tm3 are the dominant excitatory inputs for T4 cells, and functional connectivity studies suggest that these two inputs act synergistically to produce the directional selectivity of T4 cells (23) . The same study indicated that Mi4 and Mi9 neurons provide inhibitory inputs to T4 that are not necessary for the directional selectivity of T4 cells, but do shape its temporal tuning. These results suggest that the directional selectivity of T4 cells emerges through a nonlinear integration of Mi1 and Tm3 inputs, while inhibitory inputs from Mi4 and Mi9 further tune the computation. However, although these results do suggest a role for Mi4 and Mi9 neurons, the exact nature of their contribution to this circuit remains unclear. This is especially true for Mi4 neurons. Paradoxically, silencing experiments indicate that blocking the synaptic transmission of Mi4 neurons does alter the behavioral turning response but does not affect the response of T4 cells to motion stimuli as measured using calcium imaging in quiescent animals (23) . We interpreted these results as potential evidence that the behavioral state of the animal strongly affects the function of this circuit.
In this study, we asked whether the fly's behavioral state modulates the neurons of the ON motion pathway. While it is now widely accepted that the behavioral state affects the speed tuning of fly visual motion estimation, where and how this modulation occur have remained open questions. We show here that octopamine neurons are required for sustained behavioral responses to fast visual motion in walking animals. We further show that, for each of the major neurons in the ON motion pathway, the responses to fast motion stimuli are enhanced during the active behavioral state and through octopamine modulation. We also examine the physiological basis for these changes and demonstrate that octopaminergic input modulates the excitability of one of T4's major input neurons. These results strongly suggest that behavioral-state modulation acts very early in this pathway before the emergence of directional selectivity and that the observed speed tuning changes are at least in part a consequence of changes in the excitability of medulla interneurons. These findings reveal both the location and a key mechanism of behavioral-state modulation in the ON motion pathway of Drosophila.
Results
The Activity of ON Motion Pathway Neurons Correlates with Behavioral State. To determine whether the properties of the ON motion pathway are modulated by the behavioral state of the animal, we first examined whether the activity of the major neurons in this pathway (Mi1, Tm3, Mi4, Mi9, and the directionally selective T4; Fig. 1 ) are affected by spontaneous changes in the behavior of the animal. Each of these cell types was targeted either using a split-GAL4 driver line (28, 29) or a lexA line (29, 30) identified in a previous study (23) , or by surveying a large collection of imaged driver lines (29, 31) . These genetic driver lines were used to express a genetically encoded fluorescent calcium indicator [GCaMP6f for Mi1, Tm3, Mi4, and Mi9; GCaMP6m for T4 (32) ]. Detailed genotypes for all of the experimental animals used throughout this study are provided in Table S1 . The flies were tethered to a perfusion chamber, and the cuticle at the back of the head was removed to provide optical access to the visual system. In vivo two-photon microscopy was used to record the fluorescence of the calcium indicator in the medulla while the animals were maintained in a dark environment. The calcium activity (ΔF/ F) was calculated as the difference between the instantaneous and baseline fluorescence normalized by the baseline fluorescence (taken as the 10% quantile over the entire recording period). Flies in such a preparation will remain quiescent for short periods of time (tens of seconds), interrupted by bouts of spontaneous leg movement and other observable behavioral activity. The spontaneous leg movements of the fly were recorded using an infraredsensitive camera positioned underneath the tethered animal that was illuminated with near-infrared light. A dimensionless "movement index" was calculated from movies of leg movements, based Table S1 ). The octopamine neurons do not project into the lamina, and so octopamine modulation of the ON motion pathway is expected to occur downstream of the lamina.
on the time derivative of the pixel intensities for a manually selected region of interest around the legs (Materials and Methods). The time series recorded from these experiments suggested that spontaneous behavioral activity correlated with changes in baseline calcium activity for several of the cell types (examples of typical data in Fig. 2A ). In particular, Mi4 cells showed remarkable swings in baseline activity that were highly correlated with spontaneous leg movements (Movie S1). To examine this relationship further, we calculated the linear convolution kernel that best predicted the measured calcium activity using the movement index as input (Fig. 2B) . The convolution kernel for Mi1 neurons took the form of a ∼1-s-long positive bump centered at time 0, indicating that calcium activity of Mi1 cells was positively correlated with the leg movement and that this increase in calcium activity neither substantially preceded nor lagged behind the leg movement. The convolution kernel computed for Tm3 cells had a similar shape but a negative sign, indicating that the Tm3 calcium activity decreased during periods of spontaneous leg movements. Consistent with our observations from the individual time series, the convolution kernel computed for Mi4 cells had a similar form to the kernels observed for other neurons but was notably larger in magnitude (especially when the response is normalized by the response to other stimuli; Fig. S1A ). This further demonstrates that the activity of Mi4 cells increased dramatically during periods of spontaneous leg movement. In contrast, there was no statistically significant relationship between calcium activity and spontaneous leg movement in either Mi9 or T4 cells.
The correlation between the calcium activity of neurons in the ON pathway and spontaneous leg movements suggested that several of these neuron types are modulated by the behavioral state of the animal. To test this directly, we examined whether induced changes in the behavioral state would produce similar changes in the calcium activity. A small tube was positioned underneath the tethered fly, and a series of air puffs was delivered to the animal. Air puffs are known to induce flight in tethered Drosophila (33) . Although in our setup the flies were tethered in such a way that they would not fly continuously, these air puffs reliably induced short bouts of behavioral activity. The animals were kept in a darkened arena, the calcium activity of neurons and leg movements were measured simultaneously, and air puffs were delivered to the animal at 30-s intervals. The recorded time series suggest that, as expected, the air puffs elicit a shift in the behavioral state as evidenced by periods of intensive leg movements ( Fig. 2C and Movie S1). To examine the effects of these induced changes in behavioral state, we calculated the stimulus-aligned calcium response of each of the cell types to an air puff and found statistically significant responses for all five cell types. In Mi1, Mi9, and T4 cells, air puffs produced an increase in calcium activity that lasted for ∼1 s (Fig. 2D) . Interestingly, air puffs produced a transient response in Tm3 cells. In these cells, the air puff elicited a brief decrease in calcium activity, which was then followed by a sustained period of increased calcium activity. However, consistent with our previous findings, Mi4 cells showed the most pronounced response to air puffs. In these cells, an air puff produced a substantial increase in calcium activity that was sustained for several seconds. Although the baseline shift observed in Mi4 was exceptionally large, the responses of Mi1, Tm3, Mi9, and T4 were substantial in their own right and had peak ΔF/F values that were ∼10-30% of the maximum ΔF/F observed in response to moving grating visual stimuli (see Fig. 4C ). These results are principally consistent with the convolution kernels observed in response to spontaneous leg movements, although the responses of Mi9 and T4 cells did not rise to statistical significance when examining spontaneous behavioral activity.
Together, these results suggest the physiological properties of these neurons are strongly modulated by the behavioral state of the animal. In particular, Mi4 cells appear exceptionally sensitive to the behavioral state and demonstrate a very high baseline activity during periods of behavioral activity while maintaining a low baseline activity during periods of behavioral quiescence. Table S1 .
Similar baseline shifts in the membrane potential of the downstream LPTCs have been observed in flies in the dark during periods of active walking (34) or flying (35) . Interestingly, T4 neurons that are downstream of Mi4 neurons and upstream of LPTCs do not show such pronounced increases in baseline activity. This may suggest that the baseline shifts in the LPTCs are a result of inputs from other neurons, such as T5 cells (36) . While T4 neurons receive a mixture of inhibitory and excitatory inputs that are both affected by the behavioral state, all known columnar inputs to T5 cells are probably excitatory (25, 37) . An increase in the strength of any excitatory T5 inputs during the active behavioral state would be expected to produce a baseline shift in T5 and consequently the LPTCs. Furthermore, although the effects of spontaneous behavioral activity and air puffs were similar across the cell types investigated in this study, the differences may prove informative. For example, although spontaneous behavioral activity and air puffs were both associated with transient decreases in the calcium activity of Tm3 cells, only in response to air puffs was this decrease followed by a period of sustained, increased calcium activity. Such differences suggest that behavioral-state modulation of the visual system is not simply present or absent, but rather has multiple dimensions with characteristic effects on different cell types.
Octopamine Neurons Are Necessary for Sustained Turning Responses to Fast Motion Stimuli in Walking Flies. Octopamine neurons have been shown to modulate optic lobe neurons during flight (6, 13) . Given the effects of spontaneous leg movement on the baseline activity of medulla interneurons ( Fig. 2 A and B) , we next examined whether octopamine neurons also modulate visual function in the walking behavioral state. We silenced octopamine neurons by expressing the Kir2.1 potassium channel using the Tdc2-GAL4 (38) driver (Fig. 3A) . Flies were then tethered and allowed to walk on an air-supported ball setup that recorded their walking speed and heading (39) , while visual motion stimuli were presented on an LED display (40) (Fig. 3B) .
When presented with a rotating visual motion stimulus, walking flies turn in the direction of motion with an amplitude that depends on the speed of the motion stimulus (19, 23) . We found that, for short visual motion presentations (0.25 and 0.5 s; Top two rows of Fig. 3C ), flies with silenced octopamine neurons had turning responses similar to control flies for most grating speeds and only showed significantly reduced responses to the two fastest stimuli (16-and 24-Hz grating temporal frequency, or 480°/s and 720°/s). However, when the duration of the stimulus presentation was increased (2 and 4 s; Bottom rows of Fig. 3C ), flies with silenced octopamine neurons showed reduced response to all gratings with a temporal frequency greater than 8 Hz. Importantly, the turning differences between control flies and those with silenced octopamine neurons only emerged after hundreds of milliseconds, suggesting that octopamine neurons may contribute to the maintenance of responses to faster visual motion. It is unclear whether this result is specific to walking, as similar effects have not been observed when octopamine neurons were silenced in flying animals (6, 13) . Intriguingly, electrophysiological recordings from the LPTCs indicate that these neurons show more sustained responses to moving visual stimuli when the animals are flying than when they are behaviorally quiescent (36) . The forward walking velocity in flies with silenced octopamine neurons is not clearly reduced in comparison with control flies during these visual stimuli, but silencing octopamine neurons appears to reduce the modulation of forward walking velocity (Fig. S2) . Octopamine could also alter behavior by acting on neurons downstream of T4 or nonnervous tissues, such as muscles, or after circulating through the hemolymph. While we cannot rule out a nonvisual or nonnervous contribution of octopamine neuromodulation to the behavioral consequence of silencing octopamine neurons, the specific reduction in sustained turning reactions to fast visual motion (and not just large turning reactions) strongly argues for a role of octopamine release in the visual system contributing to speed tuning of the motion pathway. Nevertheless, the interactions of neuronal adaptation, temporal integration of neuronal responses, and nonnervous octopamine effects are interesting areas for future investigation.
The Behavioral State Alters the Frequency Response of ON Pathway
Neurons. Our silencing experiments (Fig. 3C) showed that octopamine neurons, thought to modulate the visual system during active behavioral states, are necessary for turning responses to faster visual motion stimuli in walking flies. Similarly, several prior studies in Drosophila and other flies have found that the frequency tuning of LPTCs (1, 6, 7) and other neurons in the visual system (12) broadens to encode faster inputs when the animals are in an active behavioral state. We next asked whether the interneurons of the ON motion pathway (two synapses upstream of the LPTCs) show a similar shift in speed tuning with changes in the behavioral state. To examine this question, we added a projector-based visual display to our in vivo microscopy setup (Fig. 4A ) and recorded the responses of each of the cell types to fullfield gratings moving at different speeds (shown as the temporal frequency of the moving grating). Trials were sorted into "not-moving" and "moving" groups based on whether the flies displayed spontaneous leg movement during the grating stimulus period. For moving trials, we observed substantial enhancements in the response of neurons to higher-frequency gratings (T4 example shown in Fig. 4B ; other cell types in Fig. S1C ). Because the kinetics of GCaMP limits our ability to observe instantaneous fluctuations in calcium concentration, the response to a moving grating was quantified as the time-averaged fluorescence during the grating presentation (less the time-averaged fluorescence during the inter- Each cell type yielded a unique and characteristic tuning curve (nonmoving response curves in black; Fig. 4C and Fig. S1C ). When flies were not moving, Mi1 cells responded to slow gratings (1 Hz) with an increase in time-averaged activity but responded to faster gratings (9-27 Hz) with a decrease in time-averaged activity. Tm3, Mi9, and T4 cells showed increased activity in response to all gratings, but the magnitude of this response decreased monotonically with increasing frequency. Mi4 cells responded to slowmoving gratings with a decrease in the time-averaged activity, which was most pronounced for fast-moving gratings (∼9 Hz). When the fly was moving during the stimulus period, Mi1, Tm3, Mi9, and T4 cells all showed greater activity at higher frequencies compared with when the animal was not moving, although statistically significant differences (filled circles) were detectable only in Mi1 and T4 cells. In contrast, when the fly was moving during the stimulus period, the tuning curve measured for Mi4 was shifted upward. The cumulative effect of spontaneous behavioral activity on the function of the visual system can be seen from the difference between the moving and not-moving tuning curves (Fig. 4D) . Across the examined neurons, spontaneous activity yielded enhanced responses (all statistically significant differences were positive) and most of these enhancements occurred at frequencies between 1 and 10 Hz. The effects of spontaneous behavioral activity on the responses of the neurons of the ON pathway suggest that the frequency tuning of these neurons is affected by the behavioral state of the animal. However, attempting to identify the specific effects of such behavioral-state modulation using spontaneous changes in the behavioral state is substantially complicated by uncertainty in assessing the exact behavioral state of the animal at the time of the measurement, the possibility that the visual stimulus itself can elicit changes in the behavioral state of the animal, and the logistical difficulty of adequately sampling the different behavioral states when they are not experimentally controlled. As such, we next examined the effects of a pharmacological treatment that effectively "clamps" the visual system in an "active" behavioral state. We measured the frequency tuning of each of the neurons in the ON motion pathway in the presence of 10 μM CDM, an octopamine agonist, and compared these responses with the frequency tuning observed for quiescent flies in the absence of CDM ( Fig. 4E and Fig. S1D ). In the presence of CDM, Mi1, Tm3, Mi9, and T4 cells showed greater activity at higher stimulus frequencies, consistent with our results for spontaneous changes in behavioral state. For example, the T4 cells in a quiescent animal show a very small response to a 3-Hz grating, while the T4 cells in a CDMtreated animal respond strongly to the same stimulus. Similarly, for a 9-Hz grating, Mi1 neurons showed decreased activity in the absence of CDM but increased activity in the presence of CDM. This change of sign could suggest that CDM increases the excitability of Mi1 neurons, or it might reduce the strength of inhibitory inputs tuned to high-frequency visual stimuli. The effect of CDM treatment on the responses of Mi4 cells was quite different from that of the other cell types. Mi4 cells responded to the movinggrating presentation with a decrease in calcium activity in the absence of CDM and a slight increase in activity in the presence of CDM. The net effect of CDM treatment on the visual system is illustrated by the difference between the CDM and control tuning curves (Fig. 4F) . For each of the neurons, CDM treatment yielded enhanced responses (all statistically significant responses are positive), and for most neurons these differences had the form of a bandpass filter with a peak at ∼10 Hz. The sign of this effect is in agreement with a recent study that used white-noise stimuli to estimate the response kinetics of medulla neurons (41)-all temporal kernels become faster after application of CDM.
Although determining the baseline activity using nonratiometric calcium indicators such as GCaMP is challenging given the weak fluorescence levels at baseline and potential for photobleaching, for completeness we computed the baseline shift produced by application of CDM (Fig. S1E) . Tm3 cells showed a small increase in baseline fluorescence, consistent with the air puff-induced baseline shift (Fig. 2) and the enhanced responses to moving gratings (Fig. 4E) . The other cell types did not show a significant change in baseline activity, which may reflect the limited resolution of this approach or adaptation of the baseline activity.
It is interesting that, even in moving and CDM-treated flies, the speed tuning of T4 cells is slower than the speed tuning of the behavioral optomotor response (Fig. 4 C-E vs. Fig. 3C ). Similar differences between the tuning of neurons in the motion vision pathway and behavioral responses have been observed in several previous studies (1, 2, 6, 7, 23) . This difference could indicate that the flies in our walking assay are in a more active state than the flies in our imaging experiments, that octopamine modulation does not fully reproduce the behaviorally modulated neuronal state, or a combination of both factors. Alternatively, this might suggest that the behavioral response incorporates a parallel, possibly nondirectionally selective, pathway tuned to high-frequency visual stimuli.
Overall, these results suggest that the responses of Mi1, Tm3, Mi4, Mi9, and T4 cells to high-frequency stimuli are modulated by the behavioral state of the animal through an octopamine-dependent process. Our measurements cannot distinguish between differences in the time-averaged activity produced by changes in response amplitude vs. baseline shifts, which would be very interesting to pursue in future studies. Instead, our measurements indicate where modulation is occurring within the pathway and that the processing of faster visual stimuli is being affected. Although previous studies have shown that the directionally selective LPTCs downstream of the ON pathway are sensitive to both the behavioral state of the animal (3, 6, 7) and octopamine modulation (2, 6, 7, 10, 11) , whether this modulation occurred at the LPTCs or upstream of the LPTCs has remained an open question. Silencing T4 and T5 cells has recently been shown to eliminate the behavioral-state signal measured in LPTCs (34). Our results push at least some of the behavioral-state modulation to even earlier stages of the visual system, and indicate that the directionally selective T4 neurons and LPTCs may simply inherit these effects from the neurons upstream of T4 (and presumably T5).
Stimulation of Octopamine Neurons Recapitulates Behavioral-State
Changes in Medulla Interneurons of the ON Pathway. We have shown that the medulla interneurons that provide input to T4 neurons are modulated by both the behavioral state of the fly and an octopamine agonist. We next examined whether the shifts in activity we observed in the medulla interneurons in response to changes in behavioral state (Fig. 2) could be reproduced by depolarization of octopamine neurons. These experiments focused on the medulla interneuron that demonstrated the most remarkable behavioral-state modulation, Mi4, and an interneuron that showed fewer behavioral-state effects, Mi1 (Fig. 2) .
We first used photoactivation experiments to identify the functional connectivity (42) between the same population of octopamine neurons examined in our behavioral assays and Mi4 neurons ( Fig. 5 A and B) . We reasoned that octopamine signaling onto Mi4 neurons may manifest as calcium increases, since several octopamine receptors are G-protein-coupled receptors that are known to increase intracellular calcium upon activation by octopamine (43, 44) . These experiments require the use of two orthogonal genetic expression control systems. We used the GAL4/ UAS system (45) to express the light-gated ion channel Chrimson (46) in the octopamine neurons labeled by Tdc2-GAL4 (38) . We then simultaneously expressed the fluorescent calcium indicator GCaMP6s (32) in either Mi1 or Mi4 neurons (Fig. 5C ) using the orthogonal LexA/LexAop system (30) . Brains were excised and placed in physiological saline, and only brains with the laminas attached were used to ensure that the lamina monopolar cells remained intact. The Chrimson protein was activated using 660-nm light, and the fluorescence of GCaMP6s was recorded using twophoton microscopy (Fig. 5B) .
Photoactivation of octopamine neurons produced a modest calcium response in the axons of Mi1 neurons. This response lagged behind the photoactivation period by several seconds, and the magnitude of this response was not strongly correlated with the photoactivation intensity (Fig. 5 D-F, Left) . In contrast, photoactivation of octopamine neurons generated large calcium responses in the axons of Mi4 neurons, and these responses exhibited minimal lag and increased with increasing photoactivation intensity (Fig. 5 D-F, Right) . These differences between Mi1 and Mi4 axonal responses were robust and were also measured in the dendrites (Fig. S3) . These results largely mirror the modest Mi1 response and exceptionally large Mi4 response to spontaneous and induced changes in behavioral state (Fig. 2) . These findings provide further evidence that behavioral-state modulation acts via these octopamine neurons, and also suggest that Mi4 neurons are subject to especially substantial, likely direct, octopamine neuromodulation.
Octopamine Modulates the Excitability of Mi4. Since we had found that octopamine neurons are functionally connected to Mi4 neurons, we next asked whether this modulation also alters the excitability of Mi4 to its other synaptic inputs. Specifically, we examined whether octopaminergic neuromodulation changes the response of Mi4 cells to depolarization of one of its major inputs, the lamina monopolar cell L5 (Fig. 6A) , using ex vivo photoactivation and imaging (Fig. 6B) . Although the functional role of L5 neurons in motion vision is not well understood (47) , EM reconstruction of the medulla has indicated that the L5 neurons are the predominant presynaptic partner to Mi4 cells (17) .
We first confirmed that L5 neurons could be consistently depolarized using Chrimson. We coexpressed Chrimson and GCaMP6f in L5 neurons using a split-GAL4 driver line (47) (Fig.  6C) and then recorded the calcium response of L5 neurons to L5 photoactivation with and without the addition of the octopamine agonist CDM to the saline bath. A minimal concentration of CDM (50 nM) was used to minimize side effects on tyramine, dopamine, and serotonin receptors (48) . We found that L5 neurons could be effectively depolarized using this approach. Photoactivation produced a rapid increase in calcium activity in L5 neurons, and increasing stimulus intensity yielded corresponding increases in the response magnitude (Fig. 6 E and G) . Application of CDM did not have a statistically significant effect on these responses. Having established that L5 neurons could be consistently depolarized by Chrimson photoactivation and that these responses were largely unaffected by CDM, we next examined whether octopamine modulation altered the response of Mi4 neurons to depolarization of L5 neurons. We expressed Chrimson in L5 cells using the same split-GAL4 driver line and GCaMP6s in Mi4 cells using the orthogonal LexA/LexAop expression control system (Fig. 6D) . We then recorded the response of Mi4 cells to depolarization of L5 neurons before and after the addition of CDM (50 nM) to the saline bath. We found that, in the absence of CDM, L5 photoactivation produces a modest increase in the calcium activity of Mi4 neurons and that the magnitude of this response saturates at high photoactivation intensities (Fig. 6F) . However, in the presence of CDM, Mi4 neurons show much larger responses to L5 photoactivation, and these responses reach a greater asymptotic magnitude with increasing photoactivation intensity (Fig. 6 F  and H) . These findings were robust, and similar trends were observed in the dendrites of Mi4 neurons (Fig. S4B) . Taken together, these results demonstrate that octopamine modulation substantially increases the excitability of Mi4 neurons to its synaptic inputs.
The recorded Mi4 responses had rather long decay times, returning to baseline values only after >10 s (Fig. 6H) . These timescales are much longer than the temporal periods of the visual stimuli for which CDM had the greatest effect on the responses of the medulla neurons. However, the recorded responses are limited by the prolonged depolarization of L5 produced by Chrimson photoactivation and the slow speed of the calcium indicator GCaMP6s (32) , and are thus unlikely to accurately capture the true kinetics of the Mi4 response. Similarly, CDM had only a small effect on the measured kinetics of the Mi4 response, although here too the slow kinetics of Chrimson and GCaMP6s may mask any such changes. Experiments using shorter photoactivation pulses and a faster calcium indicator (GCaMP6f) produced faster recorded Mi4 responses (Fig. S4C) , although the duration of photoactivation and the speed of the calcium indicator are likely still limiting. Interestingly, high CDM concentrations appeared to push Mi4 neurons into an unresponsive physiological state (Fig. S4D) , consistent with the conclusion that these neurons are exceptionally sensitive to octopamine neuromodulation and perhaps explaining the relatively weak Mi4 responses to moving-grating visual stimuli following CDM treatment (10 μM; Fig. 4E ). However, it is difficult to compare the CDM concentrations between these experiments, since photoactivation was performed as an ex vivo experiment while the response to visual stimuli was measured through in vivo experiments, and the local CDM concentration may vary between these two preparations.
Discussion
The insect motion vision system is no longer thought of as a purely feedforward sensory stream but is instead subject to behavioral-state modulation (1-3, 7, 34) . Such modulation is consistent with the efficient coding hypothesis, which proposes that sensory circuits should match the bandwidth of the neural processing to that of expected stimuli, and therefore maximize the mutual information between their input and output (49) (50) (51) . As the animal transitions from standing to walking to flight, the expected distribution of temporal frequencies of the visual stimuli shifts toward faster speeds, and it is consistent with efficient coding for the response function of the sensory system to show a corresponding shift to higher frequencies. Furthermore, this shift in encoding is predicted to occur early in the visual system, reducing the required dynamic range and preventing saturation of neurons within the circuit.
Despite experimental evidence and theoretical motivations for behavioral-state modulation of the visual system, the locations and mechanisms by which this modulation is implemented at the circuit level remain unclear. These questions are well posed in the ON motion pathway of Drosophila, where recent studies have characterized the responses of each of the major neuron types to visual stimuli, mapped out the anatomical and functional connectivity of neuron types, and described the effects of silencing each major neuron type on downstream neuronal activity and behavior (23, 27, 41) . In this study, we found that most of the input neurons (Mi1, Tm3, and Mi4) have shifted baseline calcium activity during bouts of spontaneous activity, and all of the examined neurons (Mi1, Tm3, Mi4, Mi9, T4) have a significant calcium response to an air puff (Fig. 2) . We also observed that bath application of the octopamine agonist CDM causes each of the examined neurons (Mi1, Tm3, Mi4, Mi9, T4) to respond more to higher-frequency visual stimuli (Fig. 4) . These results suggest that much of the behavioral-state modulation of speed tuning in the ON motion pathway occurs early in this pathway, before the directionally selective T4 neurons. This modulatory signal is most likely carried by octopamine neurons that project from the central brain back into the optic lobes, and densely innervate the medulla, lobula, and lobula plate but not the lamina (14) (Fig. 1B) . Therefore, it is likely that the modulation we see in the medulla interneurons of the ON pathway (Fig. 2 ) also represents one of the earliest points in the visual system where this modulation occurs.
To examine the consequences of speed-tuning changes at different points in the motion pathway, we constructed a simple computational model based on the Hassenstein-Reichardt (52) implementation of the EMD, the traditional model for insect motion detection. In the first variant of this model, low-pass filters (with a variable time constant representing the effect of behavioral-state modulation) were placed at each input, before the nonlinear integration. In the second variant, a low-pass filter was placed at the output, after the nonlinear integration (Fig.  7A) . Since directional selectivity emerges in the dendrites of T4 neurons via a nonlinear integration of its inputs (23) , the first variant simulates the case of modulation affecting the inputs to T4, while the second simulates modulation beyond the nonlinear dendritic integration in T4, which includes effects on the LPTCs. Varying the time constant for the low-pass filter substantially affected the speed tuning of EMD when the filters were placed before the nonlinear integration, while varying these time constants had no effect when the filters were placed after the nonlinear integration (Fig. 7 B and C) . These results illustrate that behavioralstate modulation of the frequency response of the motion detector is only effective if it is implemented before the nonlinear integration that produces directional selectivity. This result is a necessary consequence of the computational architecture of the motion detector. The output of the nonlinear integration encodes a directionally selective signal in its time average, and additional downstream low-pass filters would not alter this time average. In contrast, temporal filtering before nonlinear integration would be expected to shape the final circuit output, which precisely matches our experimental findings, and is in agreement with a recent modeling study (41) . This finding is also in agreement with previous studies on LPTCs that have inferred that behavioral-state and/or octopamine modulation is at least partially presynaptic to the LPTCs (3, 11, 34) .
While behavioral-state modulation and octopamine neuromodulation were observed in several of the input neurons, Mi4 neurons appeared to be much more strongly affected than the other neurons we examined. We found that the baseline activity of Mi4 neurons increased dramatically during periods of spontaneous behavioral activity and following air puffs (Fig. 2) . We also observed that the response of Mi4 neurons to moving gratings was substantially altered by spontaneous activity (Fig. 4C) and by treatment with the octopamine agonist CDM (Fig. 4E ). Since these tuning curves were constructed from time-averaged responses, it is difficult to distinguish whether this represents a shift in baseline activity or a change in how the neurons encode the transient features of the visual stimulus. Nonetheless, these results do suggest that the behavioral state has a pronounced effect on the physiological properties of Mi4 neurons. Furthermore, we found that photoactivation of octopamine neurons produced the rapid onset of large and persistent calcium responses in Mi4 neurons (Fig. 5) , providing further evidence that Mi4 neurons are subject to potent, direct octopamine neuromodulation. In addition, CDM treatment increased the magnitude of Mi4 responses to photoactivation of L5 neurons (Fig. 6) , demonstrating that one of the effects of this octopamine neuromodulation is to increase the sensitivity of Mi4 neurons to its other inputs. This increased excitability may also explain the stronger responses of medulla interneurons to faster visual stimuli in active behavioral states.
Cumulatively, our results suggest that Mi4 neurons are likely to play a different role in the ON motion pathway when the animal is in a quiescent vs. active behavioral state. Previous studies indicated that directional selectivity of T4 neurons may involve a hybrid mechanism, involving features that resemble both the synergistic mechanism of a Hassenstein-Reichardt correlator (23, 24, (52) (53) (54) and the inhibitory veto mechanism of the Barlow-Levick detector (23, 53, 55) . In this model, Mi4 neurons should contribute to the Barlow-Levick detector by providing inhibitory inputs to T4 neurons that are retinotopically offset from the excitatory inputs provided by Mi1 and Tm3 neurons (23, 27) . In our previous study, we found that Mi4 neurons have low baseline activity and are relatively unresponsive to visual inputs when the animal is behaviorally quiescent (23) , and in this study we found that Mi4 neurons have elevated baseline activity and increased excitability when the animal is behaviorally active. Taken together, these results appear to indicate that the computational architecture of the ON EMD may be fluid, behaving as a HassensteinReichardt correlator when the animal is inactive, and adopting features of a Barlow-Levick detector when the animal is active. This may resolve a paradox from the previous study, where we observed that silencing Mi4 neurons produced significant changes in the behavioral response of flies to ON motion, but had only modest effects on the calcium responses of T4 neurons as measured in quiescent animals. Finally, there is an intriguing parallel between our findings and recent work in the mouse visual cortex, where inhibitory neurons were also found to track the behavioral (52) . In both models, light is transduced by photoreceptors (cup symbols), the signal from the leading photoreceptor passes through a low-pass filter (τ HR = 50 ms), and the signals from both leading and trailing photoreceptor feed into a correlator ("X" symbol) that produces a directionally selective output. In the first model (Left), the circuit is modulated by two variable low-pass filters (τ M ) before nonlinear integration (i.e., the correlator). In the second model (Right), the circuit is modulated by a variable low-pass filter state of the mouse in the dark with much higher fidelity than excitatory pyramidal neurons (56) . It seems likely that comparisons between organisms will continue to yield reciprocal insights as our understanding of these circuits develops.
Materials and Methods
Detailed methods are provided in Supporting Information. In brief, we used a two-photon microscope to image the in vivo calcium activity of Drosophila neurons labeled by Split-GAL4 lines following previously established methods for visual stimulus presentation and functional connectivity (22, 23) . The spontaneous behavior of the flies was recorded during the imaging experiments. For behavioral experiments, the walking behavior of tethered female Drosophila was measured (23, 39) while visual stimuli were displayed (40) .
